The 0-methyl substituents of aromatic compounds constitute a C, growth substrate for a number of taxonomically diverse anaerobic acetogens. In this study, strain TH-OO1, an 0-demethylating obligate anaerobe, was chosen to represent this physiological group, and the carbon flow when cells were grown on 0-methyl substituents as a C, substrate was determined by 14C radiotracer techniques. O-[methyl-_4C]vanillate (4-hydroxy-3-methoxy-benzoate) was used as the labeled C, substrate. The data showed that for every 0-methyl carbon converted to [14C]acetate, two were oxidized to "4CO2. Quantitation of the carbon recovered in the two products, acetate and C02, indicated that acetate was formed in part by the fixation of unlabeled CO2. The specific activity of "4C in acetate was 70% of that in the 0-methyl substrate, suggesting that only one carbon of acetate was derived from the 0-methyl group. Thus, it is postulated that the carboxyl carbon of the product acetate is derived from CO2 and the methyl carbon is derived from the 0-methyl substituent of vanillate. The metabolism of O-[methyl-"4C]vanillate by strain TH-001 can be described as follows:
314CH30C7H503 + CO2 + 41120 -* 14CH3COOH + 2"4Co2 + 10H+ + lOe-+ 3HOC7H503.
Aryl-O-methyl ethers are common in aerobic and anaerobic environments. One of the major reservoirs of these structures is in lignin, the structural polymer of vascular plants. Both aerobic (5) and anaerobic (4) degradation of lignin material can result in the release of lignin monomers that include 0-methyl aromatic compounds. It has recently been observed that the 0-methyl substituents from these aromatic compounds can be utilized as an anaerobic C, carbon and energy source (1) .
Anaerobic 0-demethylation has been demonstrated in suspensions of rat cecal flora (10) and, more recently, 0-demethylating microbial populations have been demonstrated in enrichment cultures from rumen, anaerobic sludge, and sediments (8) . Taxonomically diverse 0-demethylating anaerobic bacteria have been isolated in pure culture from these sources (1, 7 ; L. R. Krumholtz and M. P. Bryant, Third Int. Symp. Microb. Ecol. 1983, abstr. K-17, p. 56; L. R. Krumholtz, M.S. thesis, University of Illinois, Urbana-Champaign, 1984) .
To elucidate the pattern of carbon flow when 0-methyl substituents are used as a C, carbon and energy source, we have grown cells on a substrate specifically 14C labeled in the 0-methyl group and then examined the distribution of 14C in the fermentation products. The organism used in these studies was strain TH-001, a previously described gramnegative, 0-demethylating anaerobe (7) . Strain TH-001 is a strict anaerobe that can utilize the 0-methyl substituents of aromatic acids as a sole organic carbon and energy source. Acetate is the only organic end product detected when cells are grown on 0-methyl substituents of aromatic compounds or on glucose. After 0-demethylation, there is no further metabolism of the aromatic ring itself. The methoxy-labeled substrate used in this work was O-[methyl-14C]vanillate (4-hydroxy-3-methoxybenzoate), and its enzymatic preparation is described in a companion paper (6). * Corresponding author.
MATERIALS AND METHODS
Radioactivity measurements. Radioactivity was quantitated in a Beckman LS 7500 liquid scintillation counter (Beckman Instruments, Inc., Fullerton, Calif.), using a water-miscible scintillation cocktail (Hydrofluor; National Diagnostics, Somerville, N.J.). The percent efficiency of counting was determined as described elsewhere (6) and ranged from 87 to 93% for "'C and 34 to 41% for 3H.
Growth of strain TH-OO1 in O-methyl-14C-containing medium. The O-[methyl-"4C]vanillate, 19.9 ixCi/pumol, was synthesized enzymatically, using porcine liver catechol-Omethyltransferase (S-adenosyl-L-methionine:catechol-Omethyltransferase; EC 2.1.1.6) as described elsewhere (6) . The defined minimal medium of Tschech and Pfennig (14) , which contains 0.5% NaHCO3, was modified as previously described (7) . An appropriate volume of methanol, containing O-[methyl-14C]vanillate purified by thin-layer chromatography, was evaporated under N2. The residue was taken up in a small volume of medium and sterilized by filtration through a GS membrane filter, 0.22 ,um pore size (Millipore Corp., Bedford, Mass.), into a sterile sealed Balch tube containing 30% C02-70% N2 (Bellco Glass Inc., Vineland, N.J.). Traces of 02 were removed from the C02-N2 before use by passing the gas through a furnace tube filled with copper filament at 300°C (Sargent-Welch Scientific Co., Springfield, N.J.). Unlabeled, filter-sterilized vanillate, sterile medium, and the inoculum were added to a final volume of 10 ml. The inoculum was 0.2 ml of a culture freshly grown in vanillate-defined minimal medium. A duplicate tube was left uninoculated to serve as a control on sterility and on the further manipulations necessary to determine the distribution of the label after growth. The initial radioactivity was determined by counting 50-plJ samples from the culture and sterile medium control in Hydrofluor. The tubes were incubated at 37°C for 4 (11) . The pH of the filtrate was raised to 2 to 3 by adding sodium phosphate buffer (pH 6.0) to a final concentration of 0.05 M and 0.2 ml of 2.4 N NaOH. After the sample was applied, the column was washed with 22 ml of deionized water, and the [14C]acetate was then eluted with a wash of 16 ml of 0.05 N formic acid. The eluate was collected in 1.8-ml fractions, and 20-,ul samples of each fraction were counted to determine the distribution of radioactivity (see Fig. 1 (2) . The enzymes and reagents were obtained from Boehringer Mannheim Biochemicals (Indianapolis, Ind.). The background due to the eluting solvent was subtracted before calculating the amount of acetate present in the culture.
Quantitation of protocatechuate. Protocatechuate was quantitated by UV spectroscopy of the spent medium appropriately diluted in 0.01 N HCI, and its presence was confirmed by thin-layer chromatography as described for vanillate. Table 2 .The specific activity of the acetate, determined in the peak fraction eluted from the Dowex-1 column (Fig. 1) , was about 70% of that of the 0-methyl substituent. This is consistent with acetate being a major product of the 0-demethylation C1 pathway. It also suggests that only one of the two carbons of acetate is derived from the 0-methyl carbon. Had both acetate carbons arisen from 0-methyl carbon, the specific activity of acetate would have been in theory twice that of vanillate. As reported for other acetogenic bacteria, exchange reactions between CO2 and the carbons of acetate occur (16, 18) which would lower the specific activity of acetate in comparison to that of its C, precursor. + lOe-+ 3 protocatechuic acid (net overall) (5) Equation 1 describes the anaerobic 0-demethylation step; the mechanism of this reaction is not known. However, it is useful to point out that methanol is unlikely to be a product of this reaction since, first, strain TH-001 is unable to grow on methanol (7), and, second, methanol does not seem to be formed during the anaerobic 0-demethylation-dependent growth of Acetobacterium woodii (14) . In addition, although the product in aerobic 0-demethylation reactions is either methanol or formaldehyde, neither appears to be formed during anaerobic 0-demethylation by resting cell suspensions of Pseudomonas sp. strain PN-1 grown under nitratereducing conditions (12) .
RESULTS
Acetate formation is described in equation 2. This equation is based on the tetrahydrofolate-corrinoid pathway of gram-positive acetogens in which the product acetate is formed anaerobically from CO2 or from a combination of CO2 and C1 compounds (18) . Our finding that the specific radioactivity of acetate was less than that of vanillate (see Results) is consistent with equation 2 since it suggests that only one of the two acetate carbons is derived from the 0-methyl substituent of vanillate. The other carbon of acetate would be derived from the fixation of unlabeled CO2. Our carbon recovery data (Table 1) are also consistent with the hypothesis that 1 mol of CO2 is fixed for every mol of acetate formed in the C1 pathway for the utilization of 0-methyl substituents.
Equation 3 depicts the oxidation of a part of the methyl moieties to CO2. In gram-positive acetogens, this would occur via tetrahydrofolate intermediates (18) . The equation is consistent with the data ( Table 1 ) which indicate that two-thirds of the labeled methyl groups were oxidized to CO2. The reducing equivalents generated in this oxidation would be partially consumed during acetate formation (equation 2).
A composite of the first three reactions, entirely consistent with the observed results (Table 1) , is summarized in equation 4. For each 0-methyl moiety converted to acetate, two were oxidized to CO2. Based on, first, an inventory of the carbon present in the products acetate and CO2 and, second, the ratio of the specific radioactivity of acetate versus vanillate, the data also suggest that, for each mole of 0-methyl groups converted to acetate, 1 mol of unlabeled CO2 was also fixed. Thus the methyl carbon of acetate may be derived from the 0-methyl moiety, and the carboxyl may be derived from CO2 (equations 2 and 4). This is in accord with the central reaction for acetate formation in grampositive acetogens in which methyltetrahydrofolate, a carboxyl moiety, and coenzyme A condense to form acetylcoenzyme A (9) . Since TH-001 is grown in a bicarbonatebuffered medium with N2-CO2 in the headspace, a large pool of unlabeled CO2 is readily available for reduction to acetate. Exchange reactions of the acetate carbons with the unlabeled CO2 pool (16, 18) would reduce the specific radioactivity which may have contributed to the observed 0.7 specific activity ratio of product/substrate (see Results). As represented by equation 4, and as previously reported, the formation of protocatechuic from vanillic acid by TH-001 is quantitative (7 (17) and its formation from the C1 moieties of aromatic compounds may prove to be a significant source.
